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Abstract

The oxidation of propane was studied extensively in a
flow system at inlet temperatures of 475°C, the temperature
region congsidered most suitable for hydrogen peroxide formation
and for which only limited information was previously avalileble,
Studics were conducted also at 375°C, thus bracketing the
terniperature region in which the reaction has a negative temperature
coefriclent. The major objective was to clarify the reaction
mechanism, with particular reference to the role of hydrogen
peroxide. The results irdicate that under the conditions of this
work a key reaction 1s that of the propyl free radical with
oxyzen wWhich muy follow two alternate paths, one forming oxyzenated
organic products, and the other forminz propylene and the
perhydroxy free radical. This radical in turn reacts with
propane, or another hydrocarbon, to form hydrogen peroxide and
a free radical. The negative temperature coefficlent of the

reaction rate can be explained on the basis of the two alternate
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reactions of the propyl radlical witn oxyZen. With an inacrease
in temperature, the reaction which forme propylene was found to
increase, relative to that forming oxygenated organics.
However, the propylene and perhydroxyl radical formed by the
first reaction are known to be less active in cintinulng chain
reactions than the oxygenated orzanic specles alternately
formed, thus causing a decrease in the overall rate of reaction.
The above conclusions are of conslderable significance in
extending the knowledze of the reaction mechanism of hydrocarbon
oxidations. The results are also of interest in evalusting the
industrial potential of these reactlions as methods for manufacture

of cremicals.
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The oxidation of propane with pure oxygen was studied
in a flow reactor under conditions such that appreciable yields
of hydrogen peroxide and other intermediaie products could
be isolated. The objectives of this work were to clarify
the reaction mechanism, with particular reference to the role
of hydrogen peroxide, and to obtaln information which would
aid in an evaluation of the industrial potential of the
reaction. The experimental conditions covered inlet zas
temperatures of 350 to 475°C., propane-oxygen mole ratios of
5.6 to 12.3, and reaction times cof 3,2 to 11.8 seconds.

Propane 1s of particular interest in a study of hydrocarbon
oxidution mechanisms, since it is the lowest molecular weight
hydrocarbon containing both primary and secondary carbon
atoms, and thereby typifies the nomologous serles o stralght
chain saturated hydrocarbons. Propane is alsc readlly
avalilable from petroleum operatlcns and tnus would be a suitable
raw material for a possivle partial-oxidation process for the
production of hydrogen peroxide, .

A majority of the previous work re,orted in the literature
on propane oxidation was conducted at temperatures substantially
below 400°C and was concerned primarily with tle mechanism of
the reaction (2), {(10), (19), (21), (22), (23). Although
consiaerable speculation existed ccncerning the exact nature
of the reaction, it is now generaliy believed thet at these

relatively low temperatures one of ithe important steps involves
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the formation of an alkyl hydropercxide or an alkyl peroxy
radical, which in turn decomposes leadinz to the formation

of aldenydes, methyl alcohol, carbon monoxide, and certain

free radiecels (17). Propylene, etnhylene, hyirogen, methane,

and hydrogen peroxide have also been found among the intermedlave
products under these conditions.

The previous work at tenperatures exceeding U400°C. was
concerned mainly with the industrial potential of the reaction
for production of hyarozer peroxides, and suggested that as
tne temperature increaced the ylelds of olefins anéd water increased
at the expense of the oxygenstied organic products (3), (v),

(13), (1s5). It also appeared that hydrogen peroxide ylelds were
increased at tre nhigher tlemperature, bat the limited information
obtained d4id not permit an interprctation of the reaction
mechanism, Cne of the important objectives of the present work
was to obtailn a sufficleat zisntity of accurate, cuantitative
data under conditions that wculd permit elucidaticn of the
mechanism of this reaction at temperatures exceeding 375°C.

It was observed bty Peasc (21) and Kooijiman (13) that in
a flow system the overalil reaction rate has a negative temperature
coefficient in tire range of 370° to 430°. 1In the present work
Quantitative information was obtained at temgeratures below and
ehove the ranse O tre neietlve terperature ccefrficient, to

permit interpretation c{ tnis phenomencn, -
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Experimental Procedure

The equipment ccnsisted of a tubular Pyrex flow reactcer,
preceeded by separate eleciricaily-heated preheaters for
each ges and followed by a tubular surface condenser cooled
with water ot approximately 0°C. The arrangement of the
equipment 1s shown in Figure 1. The reactcr share was such
that the flow characteristics of the gas approximated trat of
slug flow. Propane of 99% minimum purity and oxygen of 9%.5%
purity were employed as the reactants. The residence time
of the gases within the reactor was varied by changing the
iniet gas rlow rates. Repid mixing of the lniet gases was
obtained by introducing the prc,ane axlally intc iuiie oxygen
stream through 40 small crifices located on the upper surface
of a spiral-shaped gless tube, wnoese plane was perpendicuiar to
the axis of the reactor.

Temperature control in the reactor itself was obtrincd
by insulating the reactor and winding 1t with a compensating
electrical heater. By adjusting tre voltage input, ii was
possible to maintain essentlally iscthermal conditions through-
out the reactor at low to moderate rastes of reactiion. At
nigh rates of reacticn, such ac at 475°C, a substantieal
temperature increase occurred along the reactor due to the
heat of reaction. For this reason, both the inlet and outlet
temperatures have been listed in Taebles II and 1I1I, which

give the experimental data and results. During each run the
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equipment was allowed to come to a steady state temperature
condition before gas and ligquid samples vere collected. The
liguid sarpple was collected over a measured time interval
during which the exhaust gas sample was collected in periodic
increments. The exhaust gas flow rate was measured by a wet
test meter,

For every run, the gas sample was analyzed vclumetrically
by chenilcal absorption for carbon dloxide, propylene, ethylene,
oxygen, and carbon monoxide. Hydrcgen was determined by
passage over heated copper oxide, but it was precsent in such
small quantities that analysis for il was not made in all the
runs,

Samples of residual gas from two of the runs (Nos. €5 and
71) were quantitatively anulyzed by infra-red absorption®,
after removal of oxldes of carbon, olef'ns and oxyzen. The
instrument had been standerdized with mixtures contieining
known quantities of the following compcnents: methane, ethane,
propane, n-bvutane, iso-butane, neo~-peatane, iso-pentane,
and 2, 3-dimethyl butane. In boir cases, the two components
methane and propane accounted for over 96 per cent of the total

saturated hydrocarbons. Consequently in a number of other

i This was kindly perfoirmed for us by tre Research Laboratories

Division of the General kotors Corporation,.
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runs quantitative anaiysis was made for methane at ¥X.I.T. by
use of a Balrd Assoclates infra red spectrophctometer
standardized with mixtures of methane and propane after

similar reroval of tne same components., In all runs except
numbers 65 and 71, all remaining gas sfter analysis for
speciric components s reported in the column headed #CyHe®

in the Tables of Results. 1In all cases tris gas consists
predominantly of propane but it 1s seen that it may or may

not include small quantities of hydrogen and methane, depending
upon whether or not one or both of these species were analyzed
for individually. The varlious procedures ror the gas analysis are
given by Burke, Starr, and Tuemmler (1).

The condensate from each run was analysed for total
peroxide, total aldehyde, formaldehyde, and methanol, The
remainder was assumed to be water. In conjunction with the
overall study, various ana.ytical metrcds for tre ccndensate
were evaluated. This evaluation, and the recommended analytical
procedure which was used here are presented in detail elsewhere
(27). Briefly, the total peroxide was deternmined iodometrically
using 56% hydriodic acid as the reagent and glacial acetic
acid as the solvent. Formaldehyde was determined colorimetrically
using acidirfied Shiff's reagent. Acetaldehyde was calculated
as the difference between formaldehyde and the total aldehyde,
the latter being analyzed by the hydroxylamine method. The

methyl alcohol was separated from the condensate by distilletion,
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after first converting the aldehydes to acld salts with sodium
hydroxide-hydrogen peroxide solution, and then determined
colofimetricaily with ceric nitrate reagent.
‘ Results

In order to determine what saturated hydrocarbons are
formed during the reaction, two saﬁbles of residual- gas were
analyzed in &etail by infra red absorption as described ébove,
after Iir5u removing oxides of carbon, olefins, and oxygen
by chemical absorption. The analyseswerenmde on the residual
gas from runs 65 and 71 whioh were conducted at 4759C inlet
temperature with a mole rctio of propane to oxywen of 8:1. The
results are presented in Table I together with four tests ]

reported :

made on known samples, which compare /with actual compositions.
The results indicate that methane 1s the principal saturated
hydrocarbon formed, but that minor amounts of ethane are also
formed along with traces of n-butane and iso-butane and possibly
.iso-pentane. The most important result from the standpoint of
the reactlon mechanism is tzat 2, 3-dimethyl butane, which
would be present i1f propyl radicals comblned with each other,
is not formed. KThe.manner in which these saturated hydrocarbons
actuell& found are postulated to be formed is discussed below.

The experimental data, presented in Table II, include
for each run the inlet and outlet gas temperatures, the flow

rates, and the composition of the exhaust gas from the condenser

and tnat cf the condensate. The figures in the column designated
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as the "propane concentration' in the exhaust gas were obtained
by difference. and, as described above, may include not only
propane but sméll amounts of hydrogen, and/or methane as well,
depending upon the fun.

The data guiren in Table II were employed in the calculation
of the total product composition presented in Table III. These
data represent the total gés stream composition before
éondensétion, agsuming no resction océurred in the condensep.

The .significance of the results 1s best seen by plotting tne
product compositioﬁ.as_a'function of - the percent of the inlet oxygen
reacted, for each of four dilfferent inlet conditions stgdied.
This has been done in Figures 2 to 5. The concentratlons of
propane, hyd}ogen,_carbon dioxide, and methane have been ommltted
from the flgures. The method of plotting used in the Tigures
gives a better correlation of the a5t Skt plot using
residence time gs the absclilssa since, as 1s characteristic of
chain reactions, slight changes in flow rate or temperature
may cause a pronounced qhangé in the extent of reaction observed.
As a gpecific example of the time scale involved, at 475°C. and
a propane:oxygen mole ratio of 5.6, the apparent induction
perlod was about 3 seconds: at 3.7 seconds, 22% of the inlet
oxygen had reacted; at 4.0 seconds, 97% of the oxygen had
reacted, . =

The two products formed in greatest quantities were water

and propylene; however, at the higher reaction temperature;
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considerably more ethylene, prcpylene, and water were formed,
but less oxygenated products, These results can be otserved

in Figures 2 und 3 which cornpare inlet tempcratvures of 375°

and 475°C respectively It should te noted that as reaction
progresses at 475°C the concentrations of hydrogen peroxide and
acetaldehyde pass through & maximum value, while all other
product concentrations increase continuosusly. The effects of

a cnange in inlet oxygen concentration at 475°C are shown in
Figures 3, 4, and 5. A decrease in oxygen concentraticn decreased
the reaction rate and also caused a proportionate decrease in
ire concentrations of the oxygenated organic products.

The existance of a negative temperature coefficlent for the
reaction rete was investigated using a §5.6:1 ratio of propane:
oxygen. As trhe inlet zas temperature was increased from 350°€C,
the amount of oxygen reacting in 4.8 to 4,9 geccnds increased
from 2% at 350° to a maximum of 18% at 375°C, declined to a
minimum of 5% at 425°, and then increased to 10% at 450° and
to 97% at 475°. Trese results are very similar to tnose of
Kooijman (13), wLo reported a negative temperature coefficient
for a 9:1 mixture in ihe r=aze of 375° to 430°C.

All of the data presented in this report were obta:ned with

all of the exit gas leaving at the top of the reactor, as i.

shown in Figure 1.
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Since tre reaction time was varied by varving the flow
rates of the inlet gases, this .ralises the question of whether
the cbserved results were due in part to changes in the
mixing characteristics of the mixer at the bottom of the
resctor, To answer this questilon, preiiminary studies were
conducted in wnich a portion of the gas was withdrawn through
one of the gas sample ports, By this means the residence time
could be changed without changing the inlet flow rates. A
comparison of the data for runs at the same residence time but
with linear flow rates differing by nearly 100%, indicated a
slightly increased amount of reartion at the higher flow rates,
which was probably due to the change in heat transfer characteristics.
There werc no changes in prcduct composition other than those
caused by differences in the extent of reaction, thus indicating
that the rate of mixing was not a limlting factor on the
reaction as studied here,

Discussion

Some insjght 1into the rcaction mechanlism involved here
mey be obtained by a consiieraticn of first, the cuantitative
ylelds of the various products, second, the effects of oxyzen
concentration and reacticn temperature upon the yields of the
variovs products, snd third, the heste of reaction and the
energles of actlvation of the varlous possible reaction steps

which could account for the results obeerved, The reaction is
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free radical in nature, presumably proceeding througzn tre

propyl free radlical, The free radical nature of the reaction

is evidenced by such characteristics as the apparent induction
pericd. In the discussion below, the importsnt reactions have
been given arsbic numbers and are sumuarized in Table V. Those
reactions considered of minor importance in trne over-all mechanism

here are designated by a lower-case letter.

Formation of the Clefins

Crernyak and Shtern (2) propose that the olefins are formed
by the therrmal decomposition of the preopyl free radical, tre
n-propyli fourming ethylene and the iso-propyl forming propylene.

n - CaHy ' =———————— CzH¢ + CH»* (1)

180 = C3Hy® —————) CyHs + H' (a)
The occurrence of reaction (1) here is evidenced by the appreciable
yield of methane thal was obtalned in this investigation -nd 1is
also demonstrated directly by the work of Paneth and Lautsch
(20) who decomposed tetra-n-propyl lead at abcut L0O0°C., They
atterpted to identify tre producte of the decomposition by means
of lead, zinc, ard antimony mirrors; tne only identiflable organo
metalllic compouhds werc metnhyl compounds, They therefore
concluded that any propyl radicals formed deccmposed rapidly by
means of reaction (1).

The reactionsof the iso-propyl radical are not as clearly
defined as those of tic¢ n-propyl radiceal. The topic has been
reviewed by Steacle (29), who concluded that the iso-propyl is

scmewhat more stable than the n=propyl radical and that reaction

i
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(aj, due to Lts endcthermicy, would nct be important. The
conclusion that secondary alkyl radicals are more stable than
primary is sujjcrted by reports concerning the hehavicr of the
butyl free radical (25). Di-n-butyl mercury and di-sec. butyl
mercury were aecomposed Ty passing the vapore at about 3 mm,
pressure through a Pyrex tube heated to 490°C., Three-quarters
of the n-butyl radicals decomposed into ethylene and the ethyl
free radical, a reaction equivalent to reaction (1). 7The sec-
butyl radical was more stable and reascted 77% by conbination
and disproperticnacvion reactions similar tc reactions (b) and
(c), listed below, The fact that the yleld of hydrogen in the
present investigation was only & small fraction, approximately
one-tenth, of the propylene yields indicates that reaction (a)
is of no importance in the pregsent case. There 1s considerable
evidence that the lso-p~opyl radical enters into combination,

disproportionation, and addition reactions (29).

2 1so - C:;Hv. » CQH)4 (b)
2 1s0 - CsHe' * CaHg + CaHs (c)
180 - CasHes + C2Hg=————9 CsHi:" (a)

The literature reports indicate, however, that the forimstion of
propylene by reaction (¢) 1s accompanied by the formation of
hexane by reaction (b). The fact that in this present work
no 2,3 - dimethyl butane was found among the products of
oxidation at 475°C indicates that reaction (¢) is not the

source of the propylene. The infrared analysis also detected,
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at most, only traces of pentanes, thus enabling one 10 neglect
reactions of the type (d). The work of Rice and Evering (24)
suggests that the iso-propyl radical decomposes at 450° to

2s0eC to form ethylene and methyl radicals, and thus reaction

(

)

) may not be limited solely to the n-propyl radical.

Since water is the major product of the reaction, it 1is
logical to seek a connection between 1ts formation and thst
of propylene. There 1s no simple reaction that will directly
relate the two products. It is important to note also that
hydrogen perox!de has been reported as a major product at times
when iarge quantities <f olefins were produced, For example,
Lacomble (15) reported a hydrozen peroxide yield of 0.52 moles
rer mole of propane reacted, employing a reaction temperature of
470°C, a propaile ;oxygen ratio of 9:1 and a residence time of
5 seconds. Cook (3) reported a maximum hydrogen peroxide yleld
of 0.30 moles per mole of propane reacted, when using a 5.7:1
ratio of propane:oxygen at 527°C. The first step in the formation
of hydrogen percxide, a reaction of the propyl radicel with
oxyzen, was suggested tentatively by Lew!ls and Von Elbe (17)

for the ethane - oxygen reaction,

CsHs' + 02 %+ CsHe + HO2' (2)
The reaction ie spproximately thermo-neutral; it 1s 18 kecal
exothermic if the calculation 1s based on the HO» dissociation

energy reporteéd by Walsh (30) and ¢ kxcal endothermic if based
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on the dissociation energy reported by Evans, Hush, and Uri
(5). The propyl radical and oxyzen also react by an alteraate
rath to form oxygenated organic products.

CaHs® + Og —————) oOxyzenated organic (e)
products

This reaction will be discussed in greater detall below.

The set of reactions, (2; and (e), predicts that the
fraction of the propyl radicals rcacting with oxyzen which form
propylene ahould be a tunction of the temperature only. Tris
assumes that the reletive rates of reactions (2) and (e) are
determined by the individual energles of activation. This
fraction was calculated from the data in the following manner:
first, the number of moles of propyl frec radicals reacting
by (2) was assumed ecual to the propylene formed; second, the
“otal number of moles of propyl radicals reactinz with oxygen
(the sum of reactions (2) and (2)) was calculated to be the total
moles of ircpane reacted minus the moles of etnyiene formed.

The cthylene is subtracted from the total because 1t is tbeiieved
to be the only product formed from tre propyl radical which does
not Lavolve reaction with oxysen. The resualts of tne calculation
are presented in Figure 6 in which the ordinate represents the
moles oi' propy.e..e formed per mcle o9f propyl radical reacting
with 5xygen. Jt is seen that tils fraction is independent of

the inlet oxygen concentration and of the extent of the reaction,

but varies with the temperature. Tnls 13 exactly as predicted
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by the set of reactions, (2) and (e).

The formation of hydrogen peroxide and water

Hydrogen peroxide can te .ormed from two hydiroxyli radicals

3
v
©

only by a wall reaction at very low te:peratures (26).
lozical source for hydrcgen peroxide 1is tne perrydrexy free
radical formed in reactions (i) and (2). The radical has
been considered relatively unreactive (17), sand 1t therefore
riay be though that the formation of hydrogen peroxide takes
place at the wall,

2 Hop*® —=2ll . 0. ¢ 02 (f)
This reaction however must be discarded in favor of e gas
phase reaction after a consideration of the experimental
results of other workers, For example, Geld and Harteck (7)
found that under conditions where atomic hydrogen alone does
not react with hydrocarbons, atomic hydrogen plus oxygen
will give a rspid reaction, sugcesting a reaction of the
followinz type.

CaHes + HOz® ——— CaH," + HOz' (3)
Additional evidence for tne gas phase reaction, (3), 1is ziven
by the work of Lacomblie (15), who conducted tne oxidation of
propane in a gspherical shell, introducing the rcactants
tanrgentially at the outer circumference and withd: ving the
proaucts frem tne center. Under trnese conditlicns Of essentially
homogeneous ras phase reaction, he recovered a relatively nigh

yield or nyarozen ieroxide., Jost (12) concluded that the
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perhydroxy radical wil® react with hydrogen and hydrocarbons
at reasonably low temperavures. In light of the above
discussion the presert aathors conclvde that hydrogen peroxide
is formed during tae reaction by means of reaction (3).

If all perhydroxyl disappeared by reacticn (3) and if the
hydrogen peroxide were stable and 31é nct react furiher, i1ts
production would equal that of the propylene, The fact that
the maximum yield actually obtained in th's work was 0.25 moles
of hydrogen peroxide per mole of propylene 1s probably dus to
rapid disappearance of hvdrogen peroxide after beinz formed,
as shown by the shape of the curves in Figures 3,4, and 5.
There are two paths by which hydrogen peroxide may dissapear;
first, it may dJdecompose at the wall, or second, 1t may react
in the gas phase with the other organic crmpounds present.
There ie no direcot evidence for or azainst the latter reacticn,
but it should be noted that nyarogen peroxide will react with
aldenydes in the liauld phase (&), (14). There 1s, however,
conslderable evidence that hydrozen peroxide decomposes
retercgeneously in the gas phase,

Hz032 wall o .0 + 1/2 Ca (s)

For example, when Harris (9) passed@ hydrcgen peroxide vapors
through s potassium chloride-coated tube, the hydrogen peroxide
was completely destroyed. When using a clean Pyrex tube,

a large {raction of the peroxide passed through undecomposed,

In a reaction tube coested with potagsium chloride, Pease and
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Munro (23) falled to recover peroxides from propene oxidation,
but did recover peroxides when using a clean PFyrex tube,
¥coijman (13) reported that washing the resctor tube with
hydrofluoric acid increased the yleld of hydrogen peroxide
from propane oxidation. Cook (3) reported that a coating of
beric acid or a borate salt increased the yleld, It wase
observed during tne present work that higher ylelds were
cobtained when the reactor was new than when i1t had been in use
for so e time. The reactor surface undoubtedly plays an
immportant role in the disappearance.of hydrogen peroxide.
Water is also formed by the reaction of the hydroxyl
radical with prcpane, or another hydrocarbon, to form water and

a tree radical.

CaHs + OH’ » CsH»  + H2D (16)
The reaction 1s exothernic by 32 kcal/mole and has an
activation energy estimated by McDPonald and Schalla (18) to
be 2 to 5 kKcal,

Formation of the oxyzenated organlc products

The exact naturc of reaction (e), which fo:rms the oxygenated

crganic products, will now be discussed In greater detall.
Lewls and Von Elbe (17) have reviewed the information avallable
in tre literature and propose tanat the 1sorzropyl radical
reacts as follows:

1s0 = CaHs® + Co =———¢ 180 - CaH-00" (s)

L350 = CaH900* —————9 CH4CHC + THa0' (%)

I\
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The methoxy radical enters into twc cocripeting reactions, one
with oxygen and one with propane.

CHaO + CyHe ———— CH3O0H + CoH»' (7)

CHsO + O3 =————— CO + K20 + OH' (8)
The two reactions (7) and (8) account for the fact tnat the
methanol yleld increases ratner sharply as the reaction proegresses,
as can be zeen in Figures 2 and 3. A s.milar result was
reported by Pease (22) and Harrie and Egerton (10).

The fact trat Pease and Munro (22) dié not detect propionaldehyde

as a product of propane oxidation is accounted for by the

postulated reactions or the n-propyl radical,

n-CsHs* + O3 ————— n=CaH,00" (9)
n=CsHy 00" ————— [CHaCHaCHO] + OH' (10)
CaHg + CO (11)

The infrared analysis of the peraffin gas from run no. 71
disclosed that it contained approximately one percent of ethane,
an amount sufficient to account for the extent of reactlions

(10) and (11),.

The shape of the concentration curves for acetaldehyde
indic~tes trsat it enters into further reactions,a ccnciusion
supported by the worx of Chernyak and Shtern (2), who ggded
acetaldehyde as a diluent and found trhat its final concentration
was not increased. The decompositiorn of acetaldehvde at 400°C
18 almost entirely a free radical reaction (6).

CHs CHO + R®————y [CHs cO"] + Ry (12)
CHa' + CO (13)

)
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In the pr2sence ol oxycen and propane the methyl radical

would participate in two competing reactions.

CHs® + CsHg ——————— CHq + CsHo' (1%)
CHg*.+ O ~————— HCEO + OH' (1s)
Steacle (25) has revorted activation energies of 1.% kcal for
reaction (15) and 6 to 8 kcal for reacticn (1l4). Due to
the lower activation energy of reactlon (15) one would expect
a considerable fraction of tre methyl radicals, formed by
both reactions (1) and (13), tc be oxidized to formaldehyde,

even in a fuel-rich system,

Pure formaldehyde in the vapor state is more stable than
acetalcehyde, but in t:e presence of free radicels 1ts

deccmposition and oxidatlon must be considered. The results

of the present work cannot add to the excellent discusslion of
Lewls and Von Elbe (17). It 1s important to note that the small
guantity of hydrogen may have been formed by the decomposition

of the formyl radical,

uco' -+ H' + CO. (18)
T-e calcu.atlons of Lewis & Von Elbe indicate that (18) 1is

endothermic by 25 kcal. The decomposition 1s quite pogsible

at temperatures over 400°C in systems having a deficliency of
oxygen,

The theoretical yleld of water and hydrogen peroxide

Tre valldity of the pcstulated izechanism can te further

tested by calculating the yleld of water and hydrogen peroxide
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which would be expected in terms of the quantitles of ihe
other products wnich were actually found. In developing
the desired expression the water or peroxide that is formed
by the chain initiating reaction, (i), 1s neglected, and it
i1s assumed first, that all hydroxyl radicals react to form
water, second, that all perhydroxy radic ls react to form hydrogen
peroxide by reaction (3), and third, that the decomposition
of hydrogen peroxide proceeds entirely by reaction (&), Those
reactions which form hydroxyl radicals or water directly are
reaction (10), which forms an equivalent amoﬁnt of ethane,
reaction (8), which forms one hydroxyl radical and one water
molecule, and reaction (15), which forms an equivalent amount
of formaldehyde. The set of reactions (2), (3), and (4), forms
a Guantity of waver and hydrogen peroxide equal to the
propylene formed., By summing all of these reactiong the
following expression is derived for the total water plus hydrogen
peroxide:

NH20 * NHaCe T NoyHe * NeoHe * 2N(reaction(8))*Ntotal Heme
The set of reactlons, (6),_(7), and (8), specifies that
the number of moles reacting by (€) will be equal to the

total acetaldehyde formed minus the methanol formed.

N(reaction (8))~ NcHsCHO found* NcrycHO reacted™McHyoH
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A carbon monoxide balance on resctions (8), (11), (13), and

(18) results in the following expression:

=] -N N =Nn
N(reaction (8)) Mtotal co MuaNcuacro reacted™Nc.ue

Eliminating the unknown quantity, NCHSCHO reacted: results in
the following expression for the number of moles reacting by

reaction (7):

N(reaction (8))° l/Z[NCHacHO foand+Ntotal CO-NCH:OH

-Nﬁz -NCaHe

Since the formaldehyde has been considered to react only by
reactions (17) and (18), the total amount of fcrmaldehyde formed
can be expressed as the sum of the formaldehyde found plus the
hydrogen found. The %otal carbon monoxide is represented by the
sum of CO and CO»>. Substituting into the original expression
for total water and hydrogen peroxide resulits in the final

expression contalining only cuantities which were determined by

analysis of the products.

Vo0 MH202 “NoLke " Vucho "Newacuo *Noo *Ncoa ~Now,om

The results of the calculation are presented in Table IV
ir. which the water calculated to be formed from the oxygenated

organics alone 1s also listed for compariscn with the total

=



~2ol4-
Table IV

Test of Posvulated Mechanism from Qugserved Vieids
of Water Plus Hvdrogen Peroxide

Inlet &% Inlet Calc'd@ H20% H20 found* Total Calc'd H20 + Ha0:

Ror TUIB' RYERha Tomn faoThT BYneiyt MeO s HOsT  Oers)
(10),(15)
88  37¢ 18.4 1.1 2.0 2.2 2.3
90 v 25.9 1.8 3.8 4,1 4,3
91 = 31.2 1.6 3.7 4.3 4,2
92 o k.1 2.0 4,1 4.6 4.8
g3 @ k2.0 Bro) 5.3 5. 6.2
96 60.0 3.0 6.5 6.5 7.5
97 65.7 3.5 7.3 7.2 8.5
95 83.3 4.3 9.8 8.7 11.3
o4 94,0 5.2 9.8 10.3 11.5
78a 475 11.1 0.3 1.8 247 2.1
730 22,0 0.6 4.2 4.6 4.8
7%5a " 48.6 1.2 8.8 8.0 9.7
gla * 75.5 2.6 13.8 13,0 14,4
51b 93.5 3.6 17.1 13.3 17.4
Bip  w 9.6 3.8 16.1 4.1 6.4
8ca ¥ 97.8 - 16.4 15.3 16.5
75> ® 97.3 3.9 16.4 15.4 16.5
32a " 23.2 0.6 2.8 3.2 3.2
33a  * 38.8 0.9 5.0 5.4 5.6
g2b ® 1.8 1.3 7.8 7.4 8.5
che $1.8 2.1 12.1 10.4 12.6
&3b  » $7.5 2.3 12.4 10.8 12.6
ST 7.2 " 12.5 11.0 12.6

i
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76a
77a
75a
77b
75a
76b
73

74

475 25.5 Bl 252
. 30.9 0.5 27
u 4g.2 0.7 4.8
" 67.0 8.9 642
i 79.7 2.2 Bl
& 4.5 12 8.5
u 86.0 1.7 10.0
" $3.8 2.b 12.6

*moles per 100 moles of total product
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amount of water which was actually formed. The mcst significant
fact 1s that the formation and oxidation of the aldehydes
accounts for no more than fifty percent of the water actually
formed. This is a strong indication thset a reaction, such

as (2), conrecting water and olefin production is very necessary.
The calculated values of water plus hydrogen peroxide in Table
IV are often slightly higher at the early stages of reaction and
slightly lower at the later stages than the values actually
found., This trend is easily acoounted for by the fact that
first, some of the water passe:c through the condenser as vapor
ani second, the chaininitiating step, (i), has been neglected

in tre calculation. There 1s also the possibility that a small
fraction of the hydrogen peroxide decomposed in the gas phase

by splittirg into two hydroxyl radicels, a reaction possessing
an activation energy of approximately 45 kcal (16).

The negative temperature coefficient

The negative temperature coefficient of the reaction rate
13 an important phenomenon which must be explained by the
oxidation mechanism. In the region frcm 375° to 425°C the
rate was found to decrease with increasing temperature,
Judging from the changes in prodrct composition in Figures 2
and 3, the shift in reaction which occurs with increasing
temperature 1s an increase in reaction (2) and a decrease in

reactions (5) and (9). A decrease in the over-all reaction rate
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would occur if the products of reaction (2), propylene and
perhydroxy radicals, wefe less active 1in continuing the chain
than the products of reactions (5) and (9), which are aldehydes,
me thoxy radlcals, and hydroxy rgdicals. Propylene 1s known

to inhibit free radical reactions (11), while aldehydés
participate read;li; The pe;hydroky radical 1s considered to
be less reactive than the hydroxy radical (17). It therefore
éppears fhat the decrease in the over-;ll réte of reaction
ﬁas_ééusééﬂﬁy~the inereased production of propylene with
increasing tempéféture.

Industrial aspects of the reaction

Aithough appreciable yields of useful chemical products
are obtained, 1t is very aifficult at the present time to
evaluate the industrial possibilities of the process. Several
very important quesfionsﬁremain to be answered. The manner in
which the reactbf surface influences the reaction is not
fully understood. It 1s known, however, that the yield of hydrogen
peroXide varies greatly aépending on the amount and kind of
surfagce presént and would probebly be higher for reactors-of
lower surface~volume ratios and constructed with more inert
surfaces. The effects of adding end products to the feed
stream, such as would occur on recycling, hawenot been fully
investigated. Reports indicate that dllution of the feed gstream

with olefins has adverse effects (3,15), indicating the necessity
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for considerable treatment of the recycle gas. The separation
of the condensate into marketable chemicals presents a difficult
probler that requires further clarification. A study of this
separation problem is reported eléewhene (28).

The highest yield of hydrogen peroxide obtained here
wés 0.195 mole per mo}e of oxygen reacted or 0,12 maie per
mole of propane-réactgd. This occurred at 475°C aﬁ& wifh a
propane: oxygen mole ratio of 5.6, This yield déﬁld undoubtedly

be subéténtial%y increased, as discussed above. .

Conclusions

Thgireactions wpich are'éonéidered of 1mﬁortance here are
summarized 1n Table V. ‘Under the conditions of this work ‘
_the results indicate that a key reaction occurs between the.
‘_propyl radical and'oxygen,ﬁwﬁich may follow two alternate“.*
_pafﬁs, one.forming 6xygenated organio . products and the othér
forming propylene and the pcrhydroxy radical. The perhydro%y
radical reacted with propane, or another hydrocarbon, to form
hydrogen peroxide and a free radical. The disappearance of
hydrogen peroxide during the reaction is attributed to a wall
decomposition. forming water and oxygen. The reactions thch
form the oxygenated organic products are adequately 1nterprete&
by the reactlon mechanism proposed by Lewils and Von Elbe (17).
The oxidation of the aldehydes also is accounted for by their
hechanism, but the results of thiéfwork d4id not give conolusive

evidence in this respect. The reactions which form the oxygenated



T

2=
Tablie V

Reacticns of

X1

[2TXV7]

ignificance i1 tre Fartial
aticn of FPropane

o}
~
s

CaHe + Qg ———— n-and i1so- CyHs  + HOz2'
n-CaHy ———— CaH¢ + CHa®

n-and 1gso~ CyH? ' + 02 —— CaHg + HC2'
CaHe + HOa'——— n- and 1so- CaHs + H:02
His0a —22Llo o0 2/2 O3

180 = CsHy* + 02 ——— [L80- C3H»00]

(tso - CsHy00}———— CHyCHO + CHaO"
CE30' + C3Hp ———————+ CH3OH + n~ and 130 - CaHy
CH30® + Op=~———————+ CO 4 H20 + OH'

n - CsHy + CQ———O[H - CsHvOO']

[n = C3H»00 J——————— [CHsCHaCHO] + OH
[cHs CHa CHQ] —————— Ca2Hs + CO

CHa CHO + R® —————— CHsCO " + RH

CHa CO° s CHa + CO

CHa + CaHe ———————— CH¢ + n- and 180~ CaHy "
CEa® + Op —————— HCHKO + OE '

OH  + CsHp —————3 H20 + n- and 1s0- CsHy'
HCHO + R’ ————+ HCO  + RH

HCO —————+ H'+ CO

H' + CaHgm——————— H2 + n- and 1so- CaHs'

(1)
(1)
\2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(1%)
(15)
(16)
(17)
(18)
(15)
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organic products are inadequate tc account for the cuantltles

of water and hydrogen peroxide which are formed, It ls
necessary t0 ilnclude in the reaction mechanism a reactlion,

sucn as (2), which will connect the oletfin production wit that
of water. The negative temperature coefficient of the

reaction rate can be explained on the bas’s of the two

alternate reactions of the propyl radical with oxyzen. With

an increase in temperature, the reactlon forming propylene
increases relative to that forming oxygenated organics, and
since the products of the first reaction are less reactive, thls

results in a decrease in the over-all rate in the region

375° to 475°C.
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